Introduction
Severe jaundice is the most common condition requiring re-hospitalization during the first week after birth [1, 2] . Unfortunately, most neonates with extreme hyperbilirubinemia have no underlying etiology diagnosed to explain their jaundice. For example, we found that 66% of neonates with a total serum bilirubin (TSB) >30 mg/dl had no etiology identified, and were termed 'idiopathic' neonatal jaundice [3] . This is comparable to a report from the USA kernicterus registry where 55% of neonates with kernicterus had no etiology reported [4] .
Surely every neonate with a critically elevated TSB has underlying reasons for their extreme jaundice. We speculate that hemolysis underlies many cases currently termed idiopathic. This is supported by studies of Kaplan et al. [5] and Maisels and Kring [6] . The latter showed significantly elevated end-tidal carbon monoxide concentrations in neonates with a TSB >75th percentile for age. In some cases hemolysis is limited to the newborn period, while in others it is part of a life-long disorder such as glucose 6-phosphate dehydrogenase (G6PD) deficiency [7] , pyruvate ki-nase (PK) deficiency [8] , or a red cell membrane defect [9] . When neonates need emergent treatment for severe jaundice, perhaps the emphasis on getting the TSB down to safe levels sometimes eclipses the need to discover why it became so high in the first place, and consequently inadequate effort is put into a diagnostic endeavor.
Diagnosing the cause of severe jaundice early on can be of value. For instance, discovering G6PD deficiency prompts warnings to avoid oxidant stressors in the form of food, medicines, or viral infections. Since hyperbilirubinemia in neonates with G6PD deficiency frequently occurs with no clear offending factor, just knowing the condition exists can prompt close monitoring and expectant care. Also, when a diagnosis of chronic hemolytic jaundice is made, anticipatory guidance can be provided regarding the likelihood of anemia during childhood and early bilirubin cholelithiasis.
An underlying condition causing neonatal hemolysis can be searched for by functional assays, and exact mutations can be identified using 'next generation' gene sequencing [10] . However, simply examining the blood smear can be an inexpensive and rapid initial step, sometimes making more expensive testing unnecessary. To assist neonatologists accomplish this we compiled this review of common RBC morphological abnormalities causing neonatal hemolytic jaundice. When the morphological finding is combined with the family history and basic laboratory evaluation, most cases of hemolytic jaundice can be recognized and the cause categorized. In this review we will not cover all morphological disorders of erythrocytes, such as hereditary stomatocytosis/xerocytosis, or conditions associated with excessive target cells or acanthocytes. Readers are referred to excellent reviews of these abnormalities [11, 12] . ( table 1 ) Hemolysis should be a prime consideration whenever hyperbilirubinemia occurs 'early', namely when the TSB exceeds the 95th percentile hour-specific nomogram val- ue on the first day following birth [1] . Simple ways to support a diagnosis of hemolysis include finding hemoglobin without erythrocytes in the urine on a standard urine analysis and finding pink serum on a visual examination of a blood sample. Also, the absence of haptoglobin in the serum can be tested rapidly and inexpensively and supports a diagnosis of hemolysis [13, 14] . However, haptoglobin levels can be low in neonates without hemolysis, thus haptoglobin analysis alone can be an unreliable parameter for judging neonatal hemolysis. Accurately quantifying carbon monoxide in exhaled breath can be a precise method for detecting hemolysis [5, 6] . Although no clinical tool is commercially available for this in neonates and children unable to give a forced exhalation, a promising tool, CoSense by Capnia, Inc. (Palo Alto, Calif., USA) has recently been cleared in the USA, received a CE mark in Europe, and is under investigation in neonatal patients by our group and others (clinicaltrials.gov/show/NCT01848691).
Considering Hemolysis as a Causative Mechanism
In cases of severe neonatal hemolysis with a negative direct Coomb's test (DAT), if a transfusion is deemed urgently needed, we strongly advise neonatologists to draw blood into an EDTA-anticoagulated tube prior to transfusion for morphological analysis and specialized hematological testing. When examined by a skilled technician, the erythrocyte morphology on a routine or supravital-stained blood smear can provide important insights into the cause of hemolysis. The technologist should identify and record these abnormalities in the comments section of the CBC. However, neonatologists can examine the blood film themselves or can ask a pediatric hematologist for assistance in reviewing the smear, looking for these morphological findings. Below, we provide illustrations and descriptions we have found to be particularly informative.
Microspherocytes
Spherocytes ( fig. 1 ) are identified by the lack of a central zone of pallor, characteristic of normal erythrocytes. Spherocytes have lost part of the cell membrane, and are characterized by a low mean corpuscular volume (MCV) with a normal hemoglobin content leading to an elevated mean corpuscular hemoglobin concentration (MCHC) [15] . When abundant spherocytes are observed on the smear of a neonate who has severe jaundice, two main entities should be considered; ABO hemolytic disease and hereditary spherocytosis (HS). Although the DAT is generally positive in the former and negative in the latter, there may rarely be a jaundiced neonate with ABO hemolytic disease with a negative Coombs test, because of insufficient maternal antibody to render the Coombs test positive but still sufficient to result in some degree of hemolysis [16] . Also, the DAT is sometimes negative but the indirect Coombs is positive.
The spherocytosis of ABO hemolytic disease will diminish over the first weeks and should be completely resolved 1 or 2 months after birth. In contrast, spherocytes in neonates with HS persist. When the mother is group O, the baby A or B, the DAT positive, and the baby has early hyperbilirubinemia, a blood smear may not be needed to make the diagnosis. However, we recently had a case of O/B hemolytic jaundice where the hyperbilirubinemia was so severe (TSB 41.7 mg/dl) that we deemed additional investigation needed, and indeed HS due to a mutation in SLC4A1 was also found [17] . The search was triggered because very large numbers of spherocytes were seen which is not usually the case in isolated ABO hemolytic jaundice.
About 65-70% of neonates with HS inherit the condition in autosomal dominant fashion, thus a parent carries this diagnosis. However, sometimes a parent with HS is unaware of their own HS diagnosis [11] . This is more common with a mild phenotype, or a parent that had severe jaundice only during the neonatal period. Of the remaining 30-35% of HS cases, some are de novo mutations and some are autosomal recessive varieties [11, 18] .
We do not advocate obtaining an erythrocyte osmotic fragility test to confirm HS in a neonate. This test can be expensive and is frequently negative (normal) in a neonate with HS, only to become positive (increased fragility) after several months of age. The explanation for the frequently false-negative test in neonates involves the physiologically reduced erythrocyte osmotic fragility typical of the neonatal period, because the erythrocytes are more elastic and capable of expanding in a hypotonic environment without lysing [11] . Therefore a 'normal' osmotic fragility test result in a neonate with HS is common. If a confirmatory test for HS is needed, we prefer either (1) waiting for 3-4 months to perform the osmotic fragility test, (2) performing an acidified glycerol lysis test [19] or (3) performing an eosin-5-maleimide (EMA) flow, which involves stoichiometric binding of eosin dye to Band-3 on the surface of erythrocytes. Using EMA-flow cytometry, neonates with HS can be identified by a binding pattern outside the normal 'footprint' [17, 20] . It is possible to determine the exact mutation in neonates to HS. However, doing so is expensive and usually adds little to the clinical care. We test for the exact mutation only in atypical or particularly severe neonatal HS cases [17, 18, 21] .
Elliptocytes
Erythrocytes with an oval or elliptical shape ( fig. 2 ) generally occur as an autosomal dominantly inherited condition, with a variety of genotypes, and with phenotypes ranging from completely asymptomatic to moderately severe hemolytic anemia [22] . Mutations causing this condition result in a particular type of erythrocyte cytoskeletal instability. Erythrocytes are constantly under the influence of deforming forces as they traverse capillary spaces with a diameter narrower than themselves. They deform to pass through these space, but reform into biconcave discs once they traverse the capillary. However in hereditary elliptocytosis (HE) the deformation renders the cell permanently elliptical and these abnormally shaped cells can be culled by the spleen, shortening their survival [22] .
Unlike neonates with HS, neonates with HE lack distinctive RBC indices and are identified only by examining a blood smear. Most neonates with HE do not have significant jaundice or anemia and the condition commonly goes undetected in the neonatal period. However, an important exception, often resulting in severe neonatal jaundice, occurs when a neonate inherits a HE mutation from one parent, and also inherits a different RBC membrane defect from the other parent, similar to an autosomal recessive condition. We recently reported such a neonate in detail [23] with a condition termed pyropoikilocytosis.
Bite and Blister Cells
These terms are cleverly descriptive; a bite cell appears to have a mouth-shaped bite taken from it. Blister cells are often seen in the company of bite cells ( fig. 3 ). It is a cell which has lost a small portion of the hemoglobin content leaving an empty space covered by a thin outer membrane, resembling a blister on the surface of the erythrocytes [24, 25] . When bite and blister cells are observed in Fig. 2 . Elliptocytes. 247 the smear of a neonate who has severe jaundice, the conclusion can be drawn that hemoglobin has precipitated at or near the membrane and that the precipitate (Heinz body) has been removed by reticuloendothelial cells. Conditions resulting in neonatal bite and blister cells include acute hemolysis triggered by unstable hemoglobins (such as hemoglobin F Poole -a γ-globin mutation, or hemoglobin Hasharon -an α-globin mutation) [26] . Bite and blister cells can also be generated when G6PD or (much less commonly) other enzymes in the same pathway are deficient resulting in hemolytic crisis [27] . This does not occur with deficient enzymes in the glycolytic pathway (such as PK deficiency), which have their own characteristic morphological findings. When bite and blister cells are observed, G6PD deficiency is a prime consideration, particularly if the neonate is a male and of equatorial ancestry. However, most cases of G6PD deficiency in a neonate do not have bite or blister cells. We advocate measuring G6PD enzymatic activity in all cases of unexplained severe neonatal hyperbilirubinemia. One has to keep in mind that, based on the severity of the defect, significantly elevated reticulocyte counts can render the G6PD enzymatic assay falsely negative, because reticulocytes are richly endowed with G6PD activity. Therefore, borderline low G6PD enzymatic activity in a neonate with marked reticulocytosis and bite and/or blister cells should be interpreted as possible G6PD deficiency and this can be confirmed later when the reticulocyte count is normal. Females should not be excluded from consideration because of 'lyonization' [28] .
Echinocytes
Echinocytes, as shown in figure 4 , are contracted and dehydrated cells with numerous rather uniform spicules. Sometimes echinocytes on a blood film are an artifact, but when the blood of a neonate with hemolytic jaundice has several echinocytes per high-power field throughout the blood film, associated with polychromasia, the finding is usually significant. When erythrocytes lack sufficient ATP to operate cell-surface ion-exchange pumps, the cells can become crenated giving rise to some shriveled appearing cells with spicules [8, 11] . In our experience, PK deficiency is the most common condition in jaundiced neonates giving rise to these cells. Less common causes of energy failure, such as glucose-phosphate isomerase and phosphofructokinase deficiency, can also cause prominent echinocytosis [8] .
Erythrocyte PK enzymatic activity can be quantified inexpensively using small quantities of blood. PK deficiency is an autosomal recessive condition; generally the neonate is a compound heterozygote, inheriting one PK gene mutation from one parent and a different mutation in the same gene from the other parent [8] . Exceptions occur in consanguineous kindreds where the same mutation is inherited from an asymptomatic mother and an asymptomatic father, thus the neonate is a homozygote for the mutation [29] . In general, we do not seek to identify the exact mutation(s) responsible for neonates with PK deficiency. Exceptions occur as part of epidemiological studies and when the phenotype is particularly severe [29] .
Schistocytes
Fragments of erythrocytes, as shown in figure 5 , are termed schistocytes. These suggest mechanical destruction of red cells within the vasculature. Schistocytes are not uniform in size or shape, often have a small and jagged appearance, and lack central pallor. Among neonates with severe jaundice, schistocytes on the blood film can be an artifact. However, if several schistocytes are seen per high-power field throughout the blood film accompanying normal erythrocytes, a microangiopathic condition is likely. Intravascular fibrin strands, as can occur in disseminated intravascular coagulation (DIC), or large hemangiomas can cause schistocytosis when circulating erythrocytes undergo traumatic mechanical disruption. Automated or manual differential counting of schistocytes has been recommended, but is not yet commonly practiced, and reference intervals are not available for neonatal subjects [30] . General guidelines recommend that if >1% of erythrocytes on a blood film of a full-term neonates are schistocytes, or if >5% schistocytes are found from a premature baby, the term 'schistocytosis' is appropriate. Specific cell shapes qualifying for inclusion under the term 'schistocyte' include the following:
• Small fragments with sharp angles or spines (triangular) and straight or distorted cytoplasmic borders; usually staining darkly, occasionally pale. • Microcrescents, which are similar to triangular forms but with a round contour on one side.
• Helmet cells, which show an amputated zone of cytoplasm with a straight border and sharp angles. • Keratocytes, which show prominent spicules surrounding a concave border.
• Microspherocytes (small darkly-staining spheres without central pallor) should only be counted as schistocytes in the presence of the other schistocyte shapes. The primary value of quantifying schistocytes in a jaundiced neonate is to confirm the presence of a microangiopathic condition. When thrombocytopenia is found in a jaundiced neonate with schistocytosis several clinical conditions should be considered: (1) DIC, which can accompany perinatal asphyxia, sepsis, or other infections [31] ; (2) a congenital form of thrombotic thrombocytopenic purpura due to deficiency of the von Willebrand factor cleaving protease ADAMTS13 [31] [32] [33] [34] ; (3) homozygous protein C deficiency [35] ; (4) neonatal hemolytic uremic syndrome [36] [37] [38] [39] , and (5) giant hemangioma or vascular tumors [40] .
Conclusion
Improving the quality of healthcare is accomplished not only when discoveries improve outcomes, but also when costs of care are contained or lowered [41] . Applying new medical technologies can improve certain outcomes, but if those technologies have very high costs, their indiscriminant and wasteful use should be discouraged, assuming that inexpensive alternatives are available to achieve the same ends.
The skill of blood film analysis, once a routine part of a thorough physical examination, may not currently be taught or practiced as it once was [42] . Examination of a blood film is not only a means of identifying a hematological disorder causing hemolytic jaundice, but can also be a significant cost-cutting measure in reaching the correct diagnosis. Genetic diagnosis of the causes of hemolytic jaundice with high-throughput sequencing will soon be so informative and compelling as to potentially make blood film examination obsolete. With the belief that the wisest uses of any new technology include restraint and focus, we maintain that simple blood film analysis, looking for the morphological findings taught in this review will lead to the diagnosis of many jaundiced neonates who are currently labeled 'idiopathic'. Moreover, this approach can limit the indiscriminant use of expensive testing thereby constituting a step toward better healthcare value.
